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The node and notochord have been extensively
studied as signaling centers in the vertebrate
embryo. The morphogenesis of these tissues,
particularly in mouse, is not well understood.
Using time-lapse live imaging and cell lineage
tracking, we show the notochord has distinct
morphogenetic origins along the anterior-pos-
terior axis. The anterior head process noto-
chord arises independently of the node by
condensation of dispersed cells. The trunk no-
tochord is derived from the node and forms by
convergent extension. The tail notochord forms
by node-derived progenitors that actively mi-
grate toward the posterior. We also reveal dis-
tinct genetic regulation within these different
regions. We show that Foxa2 compensates for
and genetically interacts with Noto in the trunk
notochord, and that Noto has an evolutionarily
conserved role in regulating axial versus para-
xial cell fate. Therefore, we propose three dis-
tinct regions within the mouse notochord,
each with unique morphogenetic origins.
INTRODUCTION
During gastrulation the three germ layers are formed and
the primary body axes are established. An important sig-
naling center during gastrulation is the organizer, as de-
fined by its ability to induce a secondary axis. An equiva-
lent tissue has been identified in all studied vertebrates
(Beddington, 1994; Shih and Fraser, 1996; Spemann and
Mangold, 1924; Waddington, 1933). The late mouse orga-
nizer, or node, is a transient structure that is visible at the
distal tip of the embryo by E7.5 and later disappears by
E9.0. The node has a uniquemorphology that is character-
ized by small columnar pit cells in the center of the node,
which are surrounded by crown cells covered by a surface
layer of endoderm. Cell labeling and transplantation ex-
periments demonstrated that the cells of the node give884 Developmental Cell 13, 884–896, December 2007 ª2007 Erise to trunk notochord (Kinder et al., 2001; Sulik et al.,
1994). Once the rod-like notochord tissue has been laid
down along the rostrocaudal (R/C), or anterior-posterior
(A/P) axis, it provides not only a structural core for the em-
bryo, but also emits signaling molecules that pattern the
surrounding tissues. One of its critical functions is to pat-
tern the overlying neural tube and create a dorsal-ventral
(D/V) axis within the central nervous system (CNS) (re-
viewed by Jessell, 2000). Despite its significance in early
development, little is known about the morphogenetic or-
igins of the node and notochord in mammals. Further-
more, it is not known if the well-defined A/P regionalization
of the CNS is also mirrored in the axial mesoderm.
There is evidence froma number of vertebrates showing
that the notochord is derived from progressively different
stages of organizer tissue. Fate mapping in the mouse
demonstrated that the anterior mesendoderm, which is
comprised of prechordal plate (PCP) and anterior head
process (AHP) notochord, is formed from early and mid-
gastrula organizer (EGO and MGO, respectively) (Kinder
et al., 2001). Kinder et al. went on to show that the late or-
ganizer, or node, gives rise to more posterior axial meso-
derm. Similar to the mouse, the organizer in chick, Hen-
sen’s node, becomes progressively more restricted in its
contribution to the A/P axis; early stage node can give
rise to head process and notochord, while later stage
node can only give rise to posterior notochord (Selleck
and Stern, 1991). Fate maps of the zebrafish organizer,
or shield, also revealed distinct populations that contrib-
ute to different A/P regions of the axis. The first cells in
the shield to involute during gastrulation give rise to the
prechordal plate, and the second cells to involute give
rise to trunk notochord. The dorsal forerunner cells, the
noninvoluting population under the shield that transiently
forms Kupffer’s vesicle, make up tail mesoderm and noto-
chord (Melby et al., 1996). Together these studies highlight
the complexity of organizer contributions to different re-
gions of the notochord along the A/P axis.
Mutational analysis of the role of organizer/notochord
specific transcription factors has also revealed that there
is regionalized genetic control of notochord formation. A
null mutation in the T-box transcription factor Brachyury
(T) in the mouse and no tail (ntl) in the fish results inlsevier Inc.
Developmental Cell
Three Regions of Notochord in the Mousetruncation of trunk and tail but not anterior mesoderm
(Schulte-Merker et al., 1994; Wilkinson et al., 1990). Other
transcription factors with conserved expression patterns
in the axial midline appear to show divergent functional re-
quirements. The conserved forkhead transcription factor
Foxa2 is necessary for formation of all levels of axial mid-
line tissue in the mouse (Ang and Rossant, 1994; Wein-
stein et al., 1994), but the putative null zebrafish mutation
monorail (mol) only has moderate floor plate defects (Nor-
ton et al., 2005). The homeobox transcription factor Noto
has a very similar pattern of expression in the posterior no-
tochord of all studied vertebrates (Abdelkhalek et al.,
2004; Stein and Kessel, 1995; Talbot et al., 1995; von Das-
sow et al., 1993). However, Noto mouse mutants only
show moderate node and tail notochord defects (Abdel-
khalek et al., 2004; Beckers et al., 2007), whereas the ze-
brafish mutation floating head (flh) results in a complete
lack of notochord formation (Talbot et al., 1995). The pri-
mary function of Noto/flh is to repress paraxial mesoderm
fate while maintaining axial mesoderm fate (Amacher and
Kimmel, 1998; Melby et al., 1996, 1997). In the flhmutant,
notochord cells transfate intomyoD-positive muscle cells
that populate the axial midline.
In this paper we take advantage of an eGFP knockin into
the Noto locus (Abdelkhalek et al., 2004) to explore the
morphogenetic processes of node and notochord forma-
tion in the mouse by live imaging and short-term lineage
analysis. We show that the axial mesoderm is formed in
three distinct morphogenetic stages corresponding to
AHP, trunk, and tail notochord regions of the developing
embryo. We also show that Noto does have conserved
functions in controlling axial versus paraxial mesoderm
fate, but that, unlike zebrafish, a requirement for Noto in
trunk notochord formation is only revealed when Foxa2
levels are reduced.
RESULTS
Morphogenesis of the Node and Notochordal Plate
in Mouse Gastrula Embryos
To investigate the morphogenesis of the node, we
performed time-lapse live imaging analysis using the
Noto+/eGFP mouse line, which has eGFP knocked into
the Noto locus (Abdelkhalek et al., 2004). Before a visible
node has formed at the OB-EB stage (staging according
to Downs and Davies, 1993), Noto-GFP+ cells already
form a flat coherent sheet under the endoderm layer (Fig-
ure 1A, time 0:00; see Movies S1 and S2 in the Supple-
mental Data available with this article online). The shape
of this sheet of cells gradually changes and forms an
indentation at the center of the node (Figure 1A, time
0:00–4:00). Once the characteristic horseshoe-shaped
node has formed at the LB-EHF stage (Figure 1A, time
4:00, and Figure 1B, time 0:00; Movies S3 and S4), the
node begins to elongate along the A/P axis. As the axis
elongates, the pit at the center of the node gradually be-
comes shallower until the node itself is no longer visible
by the 7–8 somite stage (Figure 1B, time 16:00–20:00).DevelopmDuring the lengthening of the node along the A/P axis,
the cells in the axial midline elongate along the medio-lat-
eral (M/L) axis and begin to intercalate, which is typical of
highly conserved convergent extension movements. In-
tercalatedmidline cells then form two adjacent rows of no-
tochordal plate, clearly visible at the end of the time-lapse
movie (Figure 1B, time 20:00). Before the node forms at
the LS-OB stage, we found some scattered Noto-GFP+
cells anterior to the presumptive node (Figure 1C, time
0:00; Movie S5). Time-lapse images showed that these
Noto-GFP+ cells did not contribute to the node, but di-
rectly converged at the midline to form notochordal plate
(Figure 1C).
We investigated node morphogenesis in further detail
using immunohistochemistry (IHC) with antibodies to
GFP and laser scanning confocal microscopy of fixed
Noto+/eGFP embryos (Figure 2). At the MS-LS stage,
Noto-GFP+ cells were detected not only in the axial meso-
derm at the anterior tip of the primitive streak (PS) but also
in the adjacent endoderm (Figures 2A and 2B). Interest-
ingly, some Noto-GFP+ cells at the anterior tip of the PS
had projections that reached through the epiblast toward
the amniotic cavity (Figure 2A). At the EB stage, presump-
tive node cells formed clusters of rosette-like structures
(Figure 2C). We observed gaps in the surface endoderm
(Figure 2C) similar to the morphology in SEM images pre-
viously reported by Sulik et al., 1994. By the LB stage,
a morphological node started to appear on the surface
of the embryo (Figures 2D and 2G); the surface endoderm
was displaced and a shallow indentation formed at the
center of the Noto-GFP+ cells (Figure 2G). At the LHF
stage, equivalent to early 2 somite stage, the peripheral
edge of the node folded up to form ‘‘crown cells’’ (Figures
2E and 2H). The deepest point of the indentation was ap-
proximately 50 mm depth (Figures 2H and 2I). By this
stage, the node formed a clear horseshoe-shaped pit (Fig-
ure 2E) that did not have an equal slope on all sides but
rather had a steeper grade on the posterior side (Figure 2I).
The bulge on the posterior of the node was gradually flat-
tened (Figures 2F and 2J and see also Figure S1 for de-
tailed morphology) and the surface area of the node was
narrower by the 5–6 somite stage (data not shown). By
the 7–8 somite stage the crown and pit structure of the
node disappeared and was once again covered by sur-
face endoderm (data not shown).
The Node Itself Does Not Regress but Some Cells
in the Peripheral Node Actively Migrate Toward
the Posterior
The classical model of notochord formation is typically
taken from studies in the chick and describes regression
of the node toward the posterior of the embryo, which
lays down nascent notochord and floor plate in its wake
(Catala et al., 1996; Le Douarin, 2001; Spratt, 1947). To ad-
dress the issue ofwhether themouse node regresses to the
posterior,weperformed time-lapse live imaging analysis on
the posterior of the embryo toward the end of gastrulation.
The distance between the node and the base of the allan-
tois, the morphological marker of the posterior end of theental Cell 13, 884–896, December 2007 ª2007 Elsevier Inc. 885
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Three Regions of Notochord in the MouseFigure 1. Time-Lapse Images of Node Morphogenesis
(A) Formation of the node. DIC images overlaid on GFP images (left) and rendered GFP image from a series of 6 Apotome Z-sections (right) (ventral
view; posterior top). Time 0:00 (hr:min) (OB-EB stage). Time 2:00–4:00 (LB-EHF stage). These still images were taken from Movies S1 and S2.
(B) Elongation and disappearance of the node. This is a continuation of (A) (ventral view; posterior top). Time 0:00 (EHF stage); the node has a clear
horseshoe-shaped morphology (white arrows). Time 4:00–12:00 (LHF to 4–5 somite stage). Time 12:00–16:00 (6–8 somite stage), the node disap-
pears and forms two adjacent rows of notochordal plate (white arrowheads). These still images were taken from Movies S3 and S4.
(C) The axial mesoderm anterior to the node undergoes direct midline condensation. These are epifluorescent images (ventral view; posterior top).
Time 0:00 (OB-EB stage); Noto-GFP+ cells are dispersed (white brackets) anterior to the position of the presumptive node (asterisks). Time 0:00–12:00
(OB-LHF stage), the dispersed cells directly converge toward the midline and form the anterior head process notochordal plate (white brackets).
These still images were taken from Movie S5. Scale bars = 100 mm.
(D) A diagram of the embryo culture system for time-lapse movie acquisition.
(E) Diagrams of mouse embryos from LB to 5–6 somite stage. Arrows indicate the position of the node and the angle for imaging the ventral surface of
the embryo. OB, no allantoic bud; EB, early bud; LB, late bud; EHF, early head fold; LHF, late head fold (Downs and Davies, 1993); EPC, ectoplacental
cone; AHP, anterior head process; PS, primitive streak; PXM, paraxial mesoderm; LPM, lateral plate mesoderm; HF, head fold.embryo, did not change over this period (Figure S2; Movie
S6). Instead we observed some Noto-GFP+ cells in the pe-
riphery or ‘‘crown’’ of the nodemigrating toward the poste-
rior (Figure 3C; Movies S7 and S8). This posterior migration
began around the 2 somite stage (Figure 3C, time 6:00–
8:00) andwas prominent after the structure of the node dis-
appeared (Figure S3; Movie S9). We carefully reanalyzed
confocal sections of fixed embryos and found that there
were Noto-GFP+ cells posterior to the node from the 2 so-
mite stage onward (Figures 3A and 3B). In contrast to the
columnar shape of node cells, the cells posterior to the
node had irregular morphology and did not face outward
to the ventral side of the embryo (Figures 3A and 3B).
To investigate whether these cells migrating toward the
posterior were derived from the node or were newly ex-
pressing Noto-GFP+ cells, we labeled the posterior sur-
face of the node with the lipophilic dye DiI at the 2 somite
stage and cultured the embryos for 16–20 hr. The embryos
were developed to the 6–8 somite stage. The Noto-GFP+
cells caudal to the node were labeled with DiI, as were
Noto-GFP+ cells that had been incorporated into the noto-
chordal plate (Figures 3D–3F, n = 11).886 Developmental Cell 13, 884–896, December 2007 ª2007 ETo further characterize this migratory subpopulation
within the node, we examined the expression of the
growth factor Nodal, which is expressed in the peripheral
crown cells of the node (Zhou et al., 1993). We found that
some of the caudally migrating cells were positive for
Nodal (Figure 5C). We suggest that the mouse node
does not regress to the posterior, but rather a subpopula-
tion of Nodal-positive peripheral node cells actively mi-
grate toward the posterior to form tail notochord.
Together our results suggest that themouse notochord,
which is a continuous structure along the A/P axis, can be
divided into three segments based on the morphogenetic
differences of its formation; the anterior nonnode-derived
head process notochord, the node-derived trunk noto-
chord, and the node-derived but posteriorly migrating
tail notochord.
Noto Has a Conserved Function in the
Maintenance of Axial Mesoderm Identity
To address whether there has been functional conserva-
tion of Noto in the promotion of axial and repression of
paraxial mesoderm fates, aswas identified in the zebrafishlsevier Inc.
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Three Regions of Notochord in the MouseFigure 2. Morphology of the Node and Notochordal Plate
(A and B) Sagittal (A) and transverse (B) sections of the anterior PS of a MS-LS stage Noto+/eGFP embryo. These images are rendered from a series of
three confocal sections. Noto-GFP+ cells were observed at the anterior tip of the PS (yellow arrows) and in the adjacent endoderm (yellow arrow-
heads). Interestingly, some Noto-GFP+ cells at the anterior tip of the PS (white dotted ovals) had projections that reached through the epiblast toward
the amniotic cavity. PS, primitive streak (white brackets); MS, mid-streak; LS, late-streak.
(C) A sagittal section through the forming node at the LB stage of a Noto+/eGFP embryo (a single confocal section). Dotted ovals mark the rosette-like
structure of the node forming cells.
(D–F) Rendered images from a series of confocal sections of the node (ventral view; posterior top). IHC detected GFP (Noto-GFP+ cells) and
E-cadherin (membrane marker).
(D) An LB stage Noto+/eGFP embryo.
(E) An LHF stage Noto+/eGFP embryo.
(F) A 5 somite stage Noto+/eGFP embryo.
(G) A transverse section of the node at the LB stage shown in (D) (dorsal top). A shallow indentation was observed. Surface endoderm is displaced and
the node cells appear on the outside surface. White arrowheads in (G–J) indicate the edge of endoderm.
(H) A transverse section of the node at the LHF stage shown in (F). The peripheral edges of the node were folded up and formed a clear indentation at
the center. White brackets mark the peripheral or ‘‘crown cells’’ of the node.
(I) A reconstituted sagittal section of the node at the LHF stage shown in (E) (anterior left).
(J) A reconstituted sagittal section of the node at the 5 somite stage shown in (F). Scale bars = 50 mm.flh mutant (Amacher and Kimmel, 1998), we analyzed the
distribution of Noto-GFP+ cells in Noto heterozygous
(Noto+/eGFP) and homozygous (NotoeGFP/eGFP) embryos
(Figures 4A and 4B). In Noto+/eGFP embryos, the Noto-
GFP+cellsweredetectedpredominantly in thenotochordal
plate, with a few cells in newly formed paraxial mesoderm
(Figure 4A). In striking contrast, all NotoeGFP/eGFP embryos
examined showed consistent Noto-GFP+ cell contribution
to the paraxial mesoderm in the medial portion of the
somite (Figure 4B), suggestive of a switch in cell fate.
We performed time-lapse live imaging of NotoeGFP/eGFP
mutants (Figure 4D; Movies S10 and S11). NotoeGFP/eGFP
mutants initiated node formation but disappearance ofDevelopmenthe node occurred precociously and in severe cases for-
mation of the node was never completed. These observa-
tions were consistent with recent analysis of node mor-
phogenesis in the NotoeGFP/eGFP mutant (Beckers et al.,
2007). Toward the end of gastrulation, Noto-GFP+ cells
were quickly lost from the node region of NotoeGFP/eGFP
mutants and the endodermal layer again covered what
remained of the ventral node surface. Some of the Noto-
GFP+ cells in the peripheral nodewere observedmigrating
into the adjacent paraxial mesoderm as well as to the pos-
terior (Figure 4D, time 16:00–24:00). To further validate
that Noto-GFP+ cells in the paraxial mesoderm of
NotoeGFP/eGFP mutants had originated in the node, wetal Cell 13, 884–896, December 2007 ª2007 Elsevier Inc. 887
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Three Regions of Notochord in the MouseFigure 3. Posterior Migration of Peripheral Node Cells at the End of Gastrulation
Noto-GFP+ cells posterior to the node and not aligned within the surface of the node (white asterisks) in 5 somite (A) and 3 somite (B) stageNoto+/eGFP
embryos, respectively. White arrows indicate the posterior edge of the node.
(A) Single optical sections of the node shown in Figure 2E (ventral view; posterior top).
(B) Sagittal confocal sections of a 3 somite stage embryo (ventral left; posterior top). The Noto-GFP+ cells posterior to the node are localized under the
endoderm layer (white brackets and asterisks).
(C) Some Noto-GFP+ cells migrate out of the node toward the posterior. White arrows mark the posterior edge of the node. After 4:00, some Noto-
GFP+ cells were observed posterior to the node and migrated toward the posterior (white brackets and asterisks) (ventral view; posterior top). These
still images were taken from Movies S7 and S8.888 Developmental Cell 13, 884–896, December 2007 ª2007 Elsevier Inc.
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Three Regions of Notochord in the MouseFigure 4. Missorting of Noto-GFP+ Node
Cells to the Paraxial Mesoderm in
NotoeGFP/eGFP Mutant Embryos
The distribution of Noto-GFP+ cells in
Noto+/eGFP (A) and NotoeGFP/eGFP (B) embryos,
detected using IHC against GFP (green)
(ventral view; anterior left).
(A–C) nuclear stain in blue.
(A) In heterozygous embryos, most Noto-GFP+
cells localized to the notochordal plate (white
arrows). There was weak GFP expression in
the posterior endoderm (white asterisks).
Occasionally, some Noto-GFP+ cells were ob-
served in the medial part of the paraxial meso-
derm (white arrowheads).
(B) Noto-GFP+ cells consistently contributed to
the medial part of the paraxial mesoderm as
well as the notochordal plate.
(C) DiI labeled Noto-GFP+ cells (red) were
observed in the medial part of the paraxial me-
soderm in NotoeGFP/eGFP embryos (yellow ar-
rows), as well as posterior to the node (white
bracket) (ventral view; anterior left).
(D) Time-lapse images of the node of a
NotoeGFP/eGFP embryo. DIC image overlaid
with GFP image (top) and rendered GFP image
from a series of 4 Apotome Z-sections (bot-
tom). Curved dotted lines and white arrows in-
dicates the posterior edge of the node, straight
dotted lines mark the edges of the notochordal
plate (axial mesoderm), and asterisks mark
Noto-GFP+ cells that have missorted into the
paraxial mesoderm (ventral view; posterior
top). These still images were taken from
Movies S10 and S11. Scale bars = 100 mm.labeled the node surface with DiI at the 2 somite stage.
After culturing the mutant embryos for 16–20 hr, we could
detect DiI label that was colocalized with posteriorly
migrating Noto-GFP+ cells as before. However labeled
node-derived cells were now also found in the paraxial
mesoderm (Figure 4C, n = 4/4; compare with Figure 3D).
We examined Nodal expression in NotoeGFP/eGFP mutants
and found that most of the Noto-GFP+ cells that were mi-
grating toward the paraxial mesoderm were also positive
for Nodal (Figures 5C and 5F). These results confirmed
that Noto-GFP+ cells in the paraxial mesoderm originate
in the Nodal-positive peripheral node, and that cells fated
for posterior tail notochord are incorrectly sorted into the
paraxial mesoderm in NotoeGFP/eGFP mutant embryos.
Next we examined the identity of cells that migrate into
the paraxial mesoderm in the absence of wild-type Noto
function. We performed whole-mount IHC (WIHC) to de-
tect the axial mesoderm markers Brachyury and Foxa2.
These two transcription factors are considered to be epis-
tatically upstream of Noto because Noto is not expressedin these mutants (Abdelkhalek et al., 2004). As expected,
Brachyury and Foxa2 colocalized in Noto-GFP+ node
and notochord cells of Noto+/eGFP embryos (Figures 5A
and 5B). In NotoeGFP/eGFP mutants Brachyury and Foxa2
also localized to Noto-GFP+ node and notochord cells.
However Noto-GFP+ cells that had migrated out of the
node into the paraxial mesoderm quickly downregulated
these axial mesodermmarkers (Figures 5D and 5E), unlike
Nodal, which was still expressed in these missorted cells
(compare with Figure 5F). We also examined the expres-
sion of paraxial mesoderm markers Tbx6 and Papc
(MGI: Pcdh8) in NotoeGFP/eGFP mutants. They showed
identical patterns to Noto+/eGFP embryos, including ex-
pression in the Noto-GFP+ somite regions (data not
shown). This suggests that Noto-GFP+ cells adopted
a paraxial mesoderm fate once they entered the somite.
Somites were not altered in size, suggesting that the num-
ber of cells transfated was too small to create morpholog-
ical changes in somites or there is a compensation mech-
anism to control the number of cells in each somite.(D) DiI labeled Noto-GFP+ cells were observed posterior to the residual node (ventral view; anterior left). White arrows indicate the residual node.
(E) Higher magnification of the region in (D) marked by the white rectangle. All Noto-GFP+ cells posterior to the residual node were labeled with DiI.
(F) A reconstituted sagittal section of (E) (dorsal top). The posteriorly migrating cells are localized under the endoderm layer. Scale bars = 100 mm,
except (B) = 50 mm.
Developmental Cell 13, 884–896, December 2007 ª2007 Elsevier Inc. 889
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Three Regions of Notochord in the MouseFigure 5. Missorted Noto-GFP+ Cells Downregulate Notochordal Markers
IHC of 4-6 somite stage heterozygous (A–C) and homozygous (D–F) embryos (ventral view; posterior top). GFP staining is in red. Brachyury (A and D),
Foxa2 (B and E), or Nodal (C and F) staining is in green. White dotted lines indicate the posterior edge of the node. White asterisks mark the missorted
Noto-GFP+ cells in the paraxial mesoderm. White brackets mark posteriorly migrating cells. The strong yellow signal in image (E) indicated by a white
arrow is nonspecific signal inside the amniotic cavity. (G–I) IHC of E9.5 heterozygous (G) and homozygous (H and I) embryos. To observe the tail no-
tochord progenitor population, embryoswere dissected as shown in the diagram to reveal the posterior notochordal plate dorsal to the hindgut. White
dotted linesmark the hindgut pocket.White asterisks indicate themissortedNoto-GFP+ cells.White bracketsmark the tail notochord progenitor cells.
Scale bars = 100 mm.Thus we could detect a striking transfating phenotype
in NotoeGFP/eGFP mutants from notochord to paraxial me-
soderm from the 2 somite stage onward, similar to results
in the zebrafish.Why thenwere grossmorphological noto-
chord defects only previously reported in NotoeGFP/eGFP
mutants at E10.5 and later (Abdelkhalek et al., 2004)?
We examined Brachyury and Noto-GFP expression890 Developmental Cell 13, 884–896, December 2007 ª2007 Ein the tailbud region of Noto+/eGFP and NotoeGFP/eGFP
embryos at E9.5. At this stage the posterior notochordal
plate is found on the dorsal side of the hindgut pocket.
In Noto+/eGFP embryos, notochord cells were positive for
both Brachyury and Noto-GFP and formed a continuous
notochordal plate (Figure 5G). In contrast, the notochordal
plate was reduced in NotoeGFP/eGFP mutants, andlsevier Inc.
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cells had still missorted into the paraxial mesoderm
(Figures 5H and 5I). Some Noto-GFP+ cells migrated pos-
teriorly in the NotoeGFP/eGFP embryos (Figures 4B–4D),
suggesting that continued transfating from the noto-
chordal plate to the paraxial mesoderm along the body
axis led to depletion of tail notochord progenitors in the
absence of Noto function. We conclude that mouse
Noto has the same function as its zebrafish homolog flh:
suppression of the paraxial mesoderm fate in the axial me-
soderm. However in mouse, axial fate can still occur to
some extent in the trunk notochord in the absence of
Noto. This suggested that Noto function was compen-
sated for by other factors in the AHP and trunk regions
in the mouse.
Distinct Regions in the Notochord Are Revealed
by Differential Genetic Requirements
along the Rostrocaudal Axis
One potential component that could compensate for loss
of Noto function in the trunk notochord would be Foxa2.
Previous data outlined a genetic hierarchy in the axial me-
soderm with Foxa2 upstream of Brachyury, and both
Foxa2 and Brachyury upstream of Noto (Abdelkhalek
et al., 2004; Ang and Rossant, 1994; Dufort et al., 1998;
Weinstein et al., 1994). Thus we decided to study the ge-
netic interaction betweenNoto and Foxa2. Double hetero-
zygotes are viable and fertile, although the reduced dose
of Foxa2 does result in mild haploinsufficiency pheno-
types and slightly reduced viability (Table S1; Ang and
Rossant, 1994;Weinstein et al., 1994). We crossed double
heterozygous females (Noto+/eGFP;Foxa2+/) with hetero-
zygous or homozygous Noto males (Table S1) in order to
study the effect of reducing Foxa2 dose on a homozygous
Noto phenotype. We never recovered NotoeGFP/eGFP;
Foxa2+/ mice at weaning, even though a percentage of
both genotypes alone are viable and fertile (Table S1;
Abdelkhalek et al., 2004). Although all genotypes were re-
covered at roughly Mendelian ratios between E8.5 and
E11.5,NotoeGFP/eGFP;Foxa2+/ embryos showedmorpho-
logical defects as early as E8.5 that were manifested as
a bend or kink in the trunk region, loss of posterior noto-
chord, and partial penetrance of fused posterior somites
(Figure 6).
To further analyze the NotoeGFP/eGFP;Foxa2+/ embry-
onic phenotype, we performed two-color whole-mount
in situ hybridization (WISH) using the notochord marker
T and the somite marker Uncx4.1. At E8.5, the anterior
notochord was patterned correctly. However, all
NotoeGFP/eGFP;Foxa2+/ mutants exhibited some degree of
posterior notochord truncation, with the majority showing
discontinuities at the third or fourth somite (Figures 6A and
6B, n = 4/6). The loss of notochord at somite level 3–4 was
further validated using the additional midline markers
Foxa2 (Figures 6C and 6D, E9.5, n = 3/4; data not shown,
E8.5, n = 3/4) and Shh (data not shown, E9.5). This pheno-
type is very similar to the phenotype of T mutants, which
have a normal AHP notochord but a truncated posterior no-
tochord (Herrmann, 1991). This point along the A/P axis isDevelopmesignificant because lineage analysis (Kinder et al., 2001)
andourmorphogenetic trackingshowed there is a transition
at somites 3–4 between anterior EGO/MGO-derived head
process notochord and node-derived trunk notochord.
This would suggest thatNoto and Foxa2 genetically interact
in the node population, but thatNotodoes not have a strong
role in the EGO and MGO, even though both genes are ex-
pressed there from the earliest stages (Ang et al., 1993;
Plouhinec et al., 2004; Sasaki and Hogan, 1993).
Next, we used WIHC to examine the distribution of
Noto-GFP+ cells in the NotoeGFP/eGFP;Foxa2+/ embryo.
In agreement with the WISH data, we found that the
anterior notochord of 4–8 somite stage embryos was
patterned correctly up to the disruption at somite level
3–4 (Figure 6F, n = 2/2). On closer examination of the dis-
ruption at somite 3–4, we found Noto-GFP+ cells that had
not converged to form two adjacent rows of notochordal
plate, but instead had extended mediolaterally across
the midline (Figure 6F). While posterior to this point there
were still someNoto-GFP+ cells in amidline position, these
cells had lost expression of both axial mesoderm markers
Brachyury (Figure 6J, n = 3/3) and Foxa2 (Figure 6L, n =
3/3). Only a few Noto-GFP+ cells in the very posterior of
the NotoeGFP/eGFP;Foxa2+/ embryos still expressed
Brachyury (Figure 6J, n = 3/3) and Foxa2 (Figure 6L, n =
3/3), and could represent the remnants of a tail notochord
population. Even in the absence of a morphologically
visible node at earlier stages (0–2 somites), a small number
of cells coexpressing Noto-GFP and Brachyury still
extended toward the posterior (Figure 6H).
Notochord Disruption in NotoeGFP/eGFP;Foxa2+/
Mutants Affects D/V Patterning at Various A/P
Levels of the Neural Tube
Weexamined a panel of D/V neural tubemarkers along the
A/P axis in the different genetic combinations between
Foxa2 andNoto. As expected, loss of notochord posterior
to somite 3–4 in the NotoeGFP/eGFP;Foxa2+/mutant led to
severe defects in ventral patterning and ultimately at more
caudal levels complete dorsalization of the neural tube
(Figure S4). Surprisingly, even in anterior regions of the
NotoeGFP/eGFP;Foxa2+/ mutant where the notochord
was intact, the ventral neural tube was not patterned cor-
rectly. The size of the Foxa2-expressing floor plate do-
main was reduced, as were the ventral neural markers
Isl1/2 (Figure S4C, n = 4/4) and Nkx2.2 (data not shown),
which had moved into the ventral midline. The compro-
mised floor plate in the anterior of NotoeGFP/eGFP;Foxa2+/
mutants appeared to be directly related to haploinsuffi-
ciency of Foxa2 and not related to loss of Noto, as
Foxa2 heterozygotes also showed a reduced floor plate
size at all A/P levels of the ventral neural tube (Figure S4
and data not shown).
DISCUSSION
We used time-lapse live imaging and genetic analysis to
understand how the notochord is formed in the mouse.
We show that there are three distinct regions of thental Cell 13, 884–896, December 2007 ª2007 Elsevier Inc. 891
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Disrupted in NotoeGFP/eGFP;Foxa2+/
Mutants
(A and B) Two-color WISH of Noto+/eGFP and
NotoeGFP/eGFP;Foxa2+/ embryos at stage E8.5
(ventral view; anterior left). Notochord (T/
Brachyury; purple) and somites (Uncx4.1; light
blue)developnormally inNoto+/eGFPembryos (A).
NotoeGFP/eGFP;Foxa2+/ mutants show trunca-
tionof notochord (arrowhead) between somites
2–4 and fusion of some somites posterior to the
truncation point (B).
(C and D) Two-probe WISH of Noto+/eGFP
and NotoeGFP/eGFP;Foxa2+/ embryos at
stage E9.5. Midline (Foxa2; purple) and
somites (Uncx4.1; purple) develop normally in
Noto+/eGFP embryos (C). NotoeGFP/eGFP;
Foxa2+/ mutants again show truncation of
notochord between somites 2–4 with severe
disruption of the trunk and fusion of somites
posterior to the truncation point (arrowhead)
(D). Some background staining is observed on
the surface ectoderm.
(E and F) WIHC against GFP observed in a
NotoeGFP/eGFP;Foxa2+/ embryo at the 4–5 so-
mite stage (ventral view; anterior left). Noto-
GFP+ cells localize to the notochord in the
AHP region (left side of panel F), but are disrup-
ted at the notochord truncation point between
somites 2–4 (arrowhead in F). Somites at the
truncation point are fused under the ventral
neural tube and Noto-GFP+ cells extend
medio-laterally across the midline (E–F). (E)
DIC, and (F) overlay of DIC and IHC against
GFP.
(G and H) Control (Noto+/eGFP;Foxa2+/) and
NotoeGFP/eGFP;Foxa2+/ embryos at the 2 so-
mite stage. WIHC against GFP (red) and Bra-
chyury (green) (ventral views; posterior top). A
morphologically visible node has formed in
the control embryo (G) and Noto-GFP+ cells are
arranged in a rosette-like structure. Node forma-
tion is disrupted in the NotoeGFP/eGFP;Foxa2+/
embryo (H) but some cells coexpressing GFP and Brachyury (asterisks) are visible posterior to where the node should have formed (arrowhead).
(I–L) WIHC using anti-GFP and notochordal markers Brachyury and Foxa2 on Noto+/eGFP and NotoeGFP/eGFP;Foxa2+/ embryos at 4–7 somite
stages (ventral views; anterior left). Brachyury (I) or Foxa2 (K) co-localize with Noto-GFP throughout the notochord in Noto+/eGFP embryos, but in
NotoeGFP/eGFP;Foxa2+/ embryos (J and L) only in the AHP up to the truncation point between somites 2–4 (arrowhead) and a few cells in the posterior
(asterisks). Foxa2 is also expressed throughout the endoderm (K and L). Scale bars: (A and B) = 500 mm, (C and D) = 500 mm, (E and F) = 100 mm,
(G and H) = 100 mm, and (I and L) = 100 mm.notochord that develop by different morphogenetic pro-
cesses and are under different genetic control (Figure 7).
The anterior head process (AHP) is formed by dispersed
notochord progenitors that are found anterior to the form-
ing node in the early gastrula and directly converge on
the midline without passing through the node. The trunk
notochord is derived from the node and is formed by typ-
ical M/L intercalation behavior. The tail notochord is
formed from node-derived cells that actively migrate to-
ward the posterior, where they must be maintained at
the caudal end of the trunk notochord until incorporation
at a later stage. Despite these different origins, the mouse
notochord does not show any obvious differences in mor-
phology or gene expression along the A/P axis and forms
one continuous rod-like structure.892 Developmental Cell 13, 884–896, December 2007 ª2007 ElsThe AHP is a structure that is unique to amniotes and
forms between the PCP and trunk notochord, under the
midbrain and rostral hindbrain (Rowan et al., 1999). Al-
though the AHP shows a molecular profile similar to trunk
notochord (Gsc-, T+), unlike the PCP (Gsc+, T-) (data not
shown), lineage analysis would suggest that the PCP
and AHP are both derived from the EGO/MGO popula-
tions and not the definitive node (Kinder et al., 2001).
Our time-lapse live imaging analysis supports this and
also shows that the AHP forms by an independent mech-
anism of convergence of dispersed progenitors rostral to
the node. The PCP and AHP share a common requirement
for the highest levels of Nodal signal in axial mesoderm
formation, and independently of the node, these tissues
do not form if the Nodal signal is attenuated (Vincentevier Inc.
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Morphogenesis
Four distinct regions in the axial mesoderm of
the developing mouse embryo are shown
from anterior (left) to posterior (right). The black
brackets at the top show the genetic depen-
dence of these regions on different transcrip-
tion factors. The orange brackets in the middle
show the cell types that give rise to different re-
gions of the notochord. Different morphoge-
netic mechanisms describe the formation of
each region. Anatomical reference points are
taken from Gaunt et al., 1999.et al., 2003). They also show a common requirement for
the transcription factor Lim1 (Shawlot and Behringer,
1995). Foxh1 and Foxa2 are required for all levels of noto-
chord formation including the PCP and AHP (Ang and
Rossant, 1994; Hoodless et al., 2001; Weinstein et al.,
1994; Yamamoto et al., 2001). However, PCP and AHP are
not affected by loss of Noto or in NotoeGFP/eGFP;Foxa2+/
mutants. Taken together, these results suggest that the
PCP and AHP have a common origin independent of the
formation of the definitive node.
Live imaging showed that the trunk notochord posterior
to somite 3–4 is distinct from the AHP and is derived from
the node, as predicted fromprevious fatemapping studies
(Kinder et al., 2001). Further, the formation of trunk noto-
chord is highly ordered and dependent on M/L intercala-
tion behavior. This transition point from AHP to trunk noto-
chord is also reflected in genetic control differences.
Posterior notochord truncations caudal to the second so-
mite were observed in NotoeGFP/eGFP;Foxa2+/ mutants.
This same transition point in regional allocation of the axial
mesoderm is also observed in T null mutant embryos,
which do not form trunk and tail notochord (data not
shown; Herrmann, 1991). Further studies will be needed
to determine if all of the cells required to form the trunk no-
tochord are already present in the node, which is thought
to be largely quiescent (Bellomo et al., 1996), or if prolifer-
ation in addition to convergent extension elongates the
axial midline.
We have identified a distinct tail notochord progenitor
population that is derived from the periphery of the node
in the late gastrula embryo, and is distinct from the AHP
and trunk notochord. Toward the end of gastrulation we
observed Noto-GFP+ cells actively migrating from the
crown of the node and moving toward the posterior of
the embryo. Live imaging and cell labeling confirmed
that these node-derived cells do in fact contribute to noto-
chord caudal to the node. Previous lineage analysis using
Nodal-Cre and Cre reporter lines (Brennan et al., 2002)
showed that Nodal-Cre-positive peripheral node cells
contributed exclusively to tail notochord posterior to theDevelopmenhindlimb at E10.5, consistent with these results. We sug-
gest that peripheral crown cells are the progenitors of a re-
stricted tail notochord population (Figure 7) that must be
maintained and kept distinct from the caudal end of the
trunk notochord from the 2 somite stage until tail formation
begins at the phylotypic tailbud stage (33 somites in the
mouse, Richardson et al., 1998).
Neither Noto-GFP expression nor DiI labeling detected
any consistent contribution from crown node cells to para-
xial mesoderm, dorsal node, neuroectoderm, or floor
plate. It was previously proposed that the caudal end of
trunk notochord of the embryo is equivalent to the chordo-
neural hinge, and contains common progenitor cells that
can give rise to all axial tissues (Cambray and Wilson,
2002, 2007; Wilson and Beddington, 1996). While it re-
mains possible that the tail notochord derives from both
a restricted tail notochord progenitor and a multipotent
axial progenitor, it is also possible that the previously de-
scribed multipotent axial progenitor population (Cambray
and Wilson, 2002, 2007), defined by transplantation and
cell labeling, could be amixed population of three different
cell types, axial and paraxial mesoderm, as well as neuro-
ectoderm fated for the floor plate.
Distinct and segregated progenitors in the mouse are in
contrast to Hensen’s node (HN) in the chick. HN is thought
to be amixed population of notochord and floor plate pro-
genitors and does not have a clear morphological bound-
ary between the two progenitors. HN regresses to the
posterior at the end of gastrulation and lays down the no-
tochord and floor plate. HN also possesses bipotential
progenitors which give rise to both axial and paraxial me-
soderm at stage 4 (Selleck and Stern, 1991). Cells poste-
rior to HN, the population normally forming the somites,
have the potential to form notochord when grafted into
HN (Selleck and Stern, 1992). Thus it remains somewhat
unclear whether the early segregation of a tail notochord
progenitor population is the only mechanism to form tail
notochord.
The possibility of a distinct tail notochord population
within the axial mesoderm is not without precedent intal Cell 13, 884–896, December 2007 ª2007 Elsevier Inc. 893
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ascidian have revealed that primary and secondary noto-
chord, making up anterior and posterior regions, respec-
tively, are derived from different lineages and have distinct
genetic requirements (reviewed by Jiang and Smith,
2007). Recently Blum and colleagues, based on their care-
ful anatomical and gene expression analysis, predicted
that there is a posterior notochord (PNC) population that
is Nodal-positive and is involved in left-right axis determi-
nation in mammals (Blum et al., 2007). In zebrafish, dorsal
forerunner cells are required for formation of tail notochord
(Melby et al., 1996), and Agathon and colleagues showed
that deletion of the dorsal margin, the presumptive chor-
doneural hinge, at the end of gastrulation causes loss of
tail notochord without nonaxial tissues being affected
(Agathon et al., 2003). Future studieswill be needed to fully
define the timing and specification of tail notochord pro-
genitors across different vertebrate species.
Regardless of the origin of the tail notochord, it is clearly
under different genetic control from other regions of the
notochord. Short-tailed mutants, such as T heterozygotes
(Chesley, 1935) and Noto homozygotes (Abdelkhalek
et al., 2004), demonstrate specific loss of tail notochord.
Reduced gene dosage of Foxa2 in aNoto null background
(NotoeGFP/eGFP;Foxa2+/) resulted in loss of both trunk and
tail notochord, revealing a role for Noto in the trunk as well
as tail notochord. The dosage dependence of multiple
transcription factors, including Foxa2, T, and Noto, leads
to a tightly regulated genetic hierarchy that has differential
requirements along the A/P axis (Figure 7).
Orthologs of these three genes are expressed along the
axial midline of evolutionarily distant vertebrates like the
zebrafish, but their relative importance in the specification
of the regions of the notochord seems to have shifted over
evolution. Comparison of Brachyury (T) and ntl mutant
phenotypes in mouse and fish, respectively, reveals very
similar phenotypes (Herrmann, 1991; Schulte-Merker
et al., 1994; Wilkinson et al., 1990), but Noto/flh and
Foxa2/monorail comparisons suggested very different
roles. Our results show, however, that there are underlying
similarities that suggest conservation of function for these
genes as well. In the zebrafish, Noto/flh mutants lack all
notochord because the axial cells are transfated to para-
xial mesoderm (Melby et al., 1996). Here we show
that the same transfating does occur in the mouse but
that the axial population is not so drastically depleted as
in the zebrafish. This leads to notochord attrition but not
complete loss, limiting the functional importance of Noto
in the mouse to the posterior tail notochord. Based on
the NotoeGFP/eGFP;Foxa2+/ phenotype, we propose that
Foxa2 compensates for loss of Noto function in the trunk
notochord. Inmouse, Foxa2 function is required for forma-
tion of all axial tissues and expression of T andNotowithin
those tissues (Abdelkhalek et al., 2004; Ang and Rossant,
1994; Dufort et al., 1998; Weinstein et al., 1994). In con-
trast, the zebrafish foxa2mutantmonorail only hasmoder-
ate defects in the floor plate and not in the axial mesoderm
(Norton et al., 2005). Our observation that the floor plate is
reduced in Foxa2 heterozygotes suggests that Foxa2 in894 Developmental Cell 13, 884–896, December 2007 ª2007 Elthemouse is also required for lateral expansion of the floor
plate, a phenotype observed in the zebrafishmonorailmu-
tant (Norton et al., 2005). Thus, we have shown that both
Noto/flh and Foxa2/monorail show conservation of mode
of action across evolution from fish to mice, although the
final outcomes in terms of mutant phenotypes may vary.
Changing genetic hierarchies of transcription factors reg-
ulate axial development along the body axis, in conjunc-
tion with changing modes of morphogenesis (Figure 7).
The relative roles of different transcription factors in differ-
ent regionsmay vary across evolution but the fundamental
mechanisms appear conserved.
EXPERIMENTAL PROCEDURES
Mouse Strains
Noto+/eGFP mice were maintained on their original 129S3 (alternate
name: 129Sv/Imj) background (Abdelkhalek et al., 2004). Foxa2+/
mice were maintained on an ICR background (Ang and Rossant,
1994). Genetic interaction between Noto and Foxa2 was examined
on a mixed 129S3/ICR background. Fertile NotoeGFP/eGFP homozy-
gous mice were occasionally recovered from intercrosses between
Noto+/eGFP;Foxa2+/ (or NotoeGFP/eGFP) and Noto+/eGFP mice (Table
S1). Mixed background NotoeGFP/eGFP or Noto+/eGFP males were
crossed to ICR females when collecting large numbers of Noto+/eGFP
heterozygous embryos.
Time-Lapse Live Imaging
Embryos at stages E7.5–8.0 were dissected in F12 with 5% FCS and
25mM HEPES. Embryos were cultured in 50% rat serum, 40%
DMEM without phenol red, and 10% FCS supplemented with gluta-
mine, 2-ME, and sodium pyruvate. To hold the embryo in position dur-
ing time-lapse movie acquisition, we made special holders from Cov-
erWell perfusion chamber gaskets (Molecular Probes) on glass bottom
dishes (MatTek) (see the Supplemental Experimental Procedures). To
avoid evaporation, the medium was covered with mineral oil. We used
the Zeiss Axiovert 200 inverted microscope equipped with a CO2 incu-
bator and Apotome to create optical sections. Embryo culture was
performed in 5.5% CO2 in air at 37
C. Objective lenses used were
the Fluar 10x (NA = 0.5) and Plan-Apo 20x (NA = 0.75). To minimize
phototoxicity to the embryos, we used neutrodensity filters to reduce
the UV light energy to 20%–50%. Acquisition and data analysis were
done using Axiovision v4.5 software. Images were taken every 7.5–
20 min, with 3–8 sections at each time point. The section interval
was 7–16 mm.
Immunohistochemistry and Confocal Microscopy
WIHC and IHC on frozen sections were performed as previously de-
scribed (Chazaud et al., 2006; Ericson et al., 1997). Descriptions of
the primary antibodies and detailed procedures are in the Supplemen-
tal Experimental Procedures. We used the Zeiss 510 META confocal
microscope equipped with a PLAN-NeoFluor 253 water (NA = 0.8)
objective lens. Images were taken through the embryos (130 mm)
at 2.0–2.5 mm section intervals.
DiI Labeling
The ventral surface of the node of 2 somite stage embryos was labeled
with DiI (CM-DiI, Molecular Probe) dissolved in dimethyl-formamide
using the Femtojet microinjector (Eppendorf). Labeled embryos were
cultured in embryo culture medium in 4-well plates (3 embryos/
500 ml/well) for 16–20 hr in 5% CO2 at 37
C. Details of the procedure
are in the Supplemental Experimental Procedures.
Whole Mount In Situ Hybridization
WISH on E8.5–9.5 embryos was performed as previously described
(Lickert et al., 2002), except digestion with proteinase K was replacedsevier Inc.
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Three Regions of Notochord in the Mousewith a 20 min 3% hydrogen peroxide (in PBT) incubation step. Two-
color in situ hybridization was adapted from a technique by Hurtado
and Mikawa, 2006 (see the Supplemental Experimental Procedures
for probes used and additional experimental procedures). After stain-
ing, embryos were paraffin-embedded for sectioning using standard
protocols.
Supplemental Data
Supplemental Data include four figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at
http://www.developmentalcell.com/cgi/content/full/13/6/884/DC1/.
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